A heat flow meter apparatus is used to monitor the heat flux across a moist specimen of a low density glass-fibre insulation. The results indicate that moisture is transported through the specimen predominately by vapour diffusion. A thermodynamic model is suggested to represent the transport process. This model leads to two moisture transport coefficients characteristic of the specimen.
INTRODUCTION
THEORETICAL MODELS FOR the calculation of heat transfer through a moist building material require accurate knowledge of the heat and moisture transport characteristics of the material. A survey of literature reveals a current lack of this knowledge. This paper aims at a quantitative understanding of the mositure transport characteristics of one of the most widely used thermal insulations, namely glass-fibre. For this purpose, a set of experiments were carried out systematically on a specimen of low density glass-fibre insulation. Although some of these experiments are similar to those reported by Langlais [1] , the experimental results from the present in-vestigation are used to calculate two moisture transport coefficients, which are characteristic of the specimen. These calculations use equations from classical thermodynamics. EXPERIMENTAL 
METHODS AND RESULTS
A sample of low density glass-fibre insulation with a bulk density of 17 kg-m-3 that had been exposed to laboratory conditions for two to three years was chosen for the experiments. A specimen was prepared from this sample having an area of 58 X 58 cm and an average thickness of 8.55 cm. The initial mass of the specimen was 493 g. This specimen was dried m an oven at 378 K for approximately 100 h. This resulted in a specimen mass loss of 5 g, which is attributed to the moisture adsorbed during its exposure to laboratory conditions. Six different sets of experiments were done on the specimen. The principal measurement was that of heat flux through the specimen as a function of time for selected pairs of hot and cold temperatures on the surfaces. This was done in a horizontal &dquo;24 inch heat flow meter (HFM) apparatus&dquo; [2] with a metering area of 30.5 X 30.5 cm. The direction of the heat flux was always upwards. Heat fluxes were recorded at both surfaces of the specimen. The six different sets of experiments conducted are summarized below:
The dry specimen was sealed in a polyethylene bag and placed in the HFM apparatus with the hot surface temperature at (312.5 t 0.1) K and the cold FIGURE l(a). Heat flux through specimen as a function of time, Experiment No. 1. surface temperature at (284.6 =b 0.1) K. The history of the mean heat flux as monitored in 2 min intervals is shown in Figure l (a). The specimen attained the steady state in 45 min and the steady state heat flux was (12.6 t 0.2) W'm-2. Experiment No. 2 Next the specimen was removed from the polyethylene bag, placed in a plexiglass chamber and exposed to a stream of moist air with an RH of 75 % at 296 K for 24 h, and then weighed. The increase in mass was 6 g. It was immediately sealed in the polyethylene bag and placed in the HFM apparatus. The surface temperatures were the same as in experiment no. 1. The specimen again attained the steady state in 45 min. The heat flux monitored was identical to that shown in Figure l (a). The steady state heat flux was once again (12.6 =h 0.2) W'm-2.
Experiment No. 3 The specimen was once again removed from the polyethylene bag and exposed to an air stream of RH 90% at 296 K for 24 h. It gained only 1 g of moisture at this stage. An increase of the RH to approximately 93 % had no noticeable effect on the adsorption. So in order to introduce more moisture, the specimen was laid flat and at each of 25 evenly distributed points 2 CM3 of water was injected into the specimen with a hypodermic syringe. The total moisture content was thus increased to 57 g. It was then sealed in the bag and placed in the HFM apparatus with the surface on which the water was injected closer to the hot surface. The heat flux was monitored for 30 h for the same pair of surface temperatures as in experiment no. 1. The history of the mean heat flux is shown in Figure 1 (b). Within one hour, the specimen attained an initial steady state, which lasted for approximately 14 h. Then it moved on to the final steady state. The heat flux for the imtial steady state was (18.1 =i= 0.2) W'm-2 and the final value was once again (12.6 t 0.2) W-m-'.
Experiment No. 4
The specimen from the final steady state of experiment no. 3 was turned upside down in the HFM apparatus and the heat flux once again monitored until the steady state was reached. The history of this is shown in Figure l (c). Again the system went through a well defined initial steady state but with a higher heat flux of (39.3 ~ 0.4) W-m-1, which lasted for about 3 h. The final steady state was again characterized by a constant heat flux of (12.7 t 0.2) W-m-'.
Experiment No. 5
The specimen was removed from the bag once again and an additional amount of water was injected at the colder surface of the specimen. The total amount of water was thus increased to 91 g. It was put back in the polyethylene bag and placed in the HFM apparatus with the surface on which water was injected closer to the hot plate. The surface temperatures were the same as those in the previous experiments. The heat flux was recorded as a function of time and is shown in Figure l At this stage the sample was turned upside down in the HFM apparatus and the heat flux monitored as shown in Figure l (e). The system went through a very well defined initial steady state as in experiment no. 4 with a heat flux of (38.9 f 0.4) W.M-2, which lasted for approximately 5.5 h. The final steady state was once again (12.6 ± 0.2) Wnri 2.
Experiment No. 6 In this experiment the heat flux was monitored for three different pairs of surface temperatures, the moisture content in the specimen being the same as in experiment no. 5. The aim was to examine the effect of different temperature and vapour pressure gradients on the initial and final steady states. In all three cases the heat flux indicated a well defined intermediate steady state, as shown in Figure l (f). The results of these measurements are summarized in Table 1 .
DISCUSSION
Though these experiments were not aimed at the study of adsorption characteristics of glass-fibre insulations, they throw some light on these properties. The specimen was exposed to the laboratory conditions (say 294 K and 30 to 50% RH) for a long time and the amount of moisture adsorbed by it was very small-approximately 5 g for 487 g of insulation. Exposure of the material to streams of moist air of up to 93 % RH resulted only in an All the experiments show beyond doubt that in the presence of the thermal gradient, moisture is transferred from the hot surface and deposited at the cold surface. In the process represented by Figure 1(b) , water is already midway between the hot and cold surfaces because of the manner in which it was introduced in the specimen. The amount of moisture present in this case is identical to that involved in the process represented by Figure l(c). Both these processes are characterized by an initial steady state but the heat flux at the initial steady state in the latter case is higher (39.3 W'm-2) than that in the former (18.1 W.m-2). This is simply because in the latter case, moisture has to traverse a larger distance, the full thickness (and hence a larger temperature gradient) of the specimen. At the same time the energy involved in these moisture transfers is identical, as is estimated from the shaded areas in Figures l(b) and l(c); in each case this energy is 370 kJm-2. Thus, apparently, the extra energy involved depends only on the amount of moisture and not on the initial region of its occurrence in the specimen. Once the moisture is transferred completely to the colder surface, the material behaves identically to the dry material and moisture no longer contributes to the heat transfer through the insulation.
In the process represented by Figure l(d) , water is initially present in two different regions and the total moisture transfer is achieved through two different intermediate stages; the first of these is similar to that in Figure l(c) and represents the transfer of moisture closer to the hot surface. The other one represents the transfer of the moisture introduced by injection.
In the process represented by Figure l(e), which involves the same amount of moisture as in Figure l(d) , the total transfer is achieved in a single stage. This is identical to that in Figure l (c) except that the initial steady state is longer (about 51/2 hr) in comparison with the 3 h in Figure l (c). This is simply because more water is to be transferred in this process. The total energy involved in this process is 640 kJ~m-2, in comparison with 370 kJm-2 2 in Figure 1 (c); the total amount of moisture involved here is 91 g, in comparison with 57 g in Figure l(c) . To a first approximation, the total energy involved in the moisture transfer is directly proportional to the amount of water transferred.
All the three processes represented by Figure l(f) are identical, except for the hot and cold surface temperatures. The most important feature of these processes is that, during the initial steady state, moisture is transferred from the hot surface to the cold surface at a steady rate. This steady rate is maintained as long as both surfaces contain liquid water. From the theory of irreversible processes, the actual rate at which the transfer occurs should depend on the difference in temperature and on the difference in the chemical potential (Gibb's free energy) of water at the two states. For all these studies the temperatures chosen are appreciably lower than the normal boiling temperature of water and it may be hypothesized that the chemical potential can be adequately represented by the vapour pressure of water at the surface temperature. This hypothesis will be particularly valid when the vapour pressure is sigmficantly lower than atmospheric pressure. The initial steady state process in these cases may be schematically represented as follows:
The result of this process is that water is transferred from one temperature point to another through the specimen. Let us assume that this is achieved as follows. Water is evaporated at a constant rate at TH, the vapour is driven through the specimen and condensed back into water at Tc. As stated earlier, in all the experiments the heat fluxes were monitored at both surfaces. Within the limits of the precision of these measurements, at each initial and final steady state, the difference between the heat fluxes at the hot and cold surfaces was negligible. Hence it may also be hypothesized that at the initial steady state, the rate of evaporation at the hot surface is equal to the rate of condensation at the cold surface. This thermodynamic model neglects any possibility of the condensed water returning to the hot surface. The moisture content in all the experiments was less than 1 % by volume of the insulation and it is believed that the above condition is not violated. Furthermore, the identical final steady states attained by the dry and moist specimens in experiments 1 and 3 also suggest that the above condition is fulfilled. Suppose the rate of vaporization and condensation is n. Thermodynamically the heat (qn) transported in this process will be where AfH is the average specific enthalpy of vaporization between TH and Tc, HH is the specific enthalpy of water at T,, and H,, that at Tc. It is assumed that the enthalpy change involved in this process as a result of the resistance offered by the material is negligible.
In Equation (1), OPH may be estimated as a mean value for the temperature range T~ to Te by the application of the Clausius-Clapeyron equation.
Thus Equation (1) may be written as
where R is the gas constant, and PH and Pc are equilibrium vapour pressure of water at T~ and Tc.
From the experimental measurements where q, and qF are the heat fluxes at the initial and final steady states. The quantities P~, Pe, HH and He are available from standard tables [3] and the only unknown quantity, n, in Equation (2) can be calculated.
This calculation was carried out with the data corresponding to Figures l(e) and l(f) and the results are summarized in Table 1 .
The validity of this hypothetical calculation can be checked as follows. From the values for n from Table 1, knowing the total amount of water involved in the transport process and the area of the specimen, the duration of the moisture transport process can be calculated and compared to the experimental values. The total amount of moisture is 91 g, distributed over an area of 0.3364 m2. Hence the total moisture to be driven across the specimen can be expressed as 270.5 g.m-2. For the process represented by Figure l Similarly, the processes represented by Figure 1(f) , the moisture should be transferred within 6.6 h, 4 h and 3.1 h. It can be seen from Table 1 that these calculated values agree very well with the values estimated from Figure l(f).
Let us now examine the dependence of n on AP = PH -Pc and AT = TH -Tc. From data in Figure 2 , n appears to be linearly dependent on AP. A linear least squares analysis of the data gave the equation where K1 = 1.06 x 10-3 g'm-2.çl and K2 = 1.58 X 10-6 g'm-2.çl'Pa-1 with a linear correlation coefficient = 0.9998. Equation (4) reveals a nonzero intercept and suggests that even in the absence of a vapour pressure gradient, moisture transfer may exist. In other words a driving force other than AP is also responsible for the moisture transport. The obvious choice for the second potential in the present experimental investigation is AT.
Thus n = n(AP, AT). For a narrow range of pressure and temperature one may assume a linear relationship such as A least-squares analysis showed that, in comparison with Equation (4), the data in Table 1 are equally well represented by Equation (5) with K, = 1.58 X 10-6 g~m~s-'~Pa-' and K4 = 2.745 X 10-5 g-m-2-s-'-K-'. Further, the constants K3 and K4 in Equation (5) have physical significance: K3 is the water vapour permeability and K4 is the coefficient of thermal vapour diffu- Table 1. sion. Two separate determinations of K3 of the specimen by the standard dry-cup method [4] gave the values 1.5 X 10-6 and 1.6 X 10-6 g'm-2.çl. Pa-', in good agreement with K3 = 1.58 X 10-6 g'm-2.çl'Pa-1 calculated from the thermal measurement.
Admittedly, the data in Table 1 do not represent a large variation in AT and hence do not establish the need for A T term in Equation (5). Therefore, to confirm the validity of Equation (5) another series of measurements, as in experiment no. 6, was done on a second specimen of glass fibre insulation with a bulk density of 30.0 kg'm-3 and average thickness 5.47 cm. The results of these measurements are summarized in Table 2 . Analysis of the data in Table 2 in terms of Equation (4) resulted in with a linear correlation coefficient equal to 0.9996. This once again establishes the non-zero intercept in Equation (4) and leads to Equation (5) as discussed earlier. Reanalysis of the data in terms of Equation (5) yielded with an overall correlation coefficient equal to 0.9993.
CONCLUSIONS
Adsorption of moisture from air with RH up to 93 % in the form of water vapour does not significantly affect the thermal performance of the specimen. In this specimen water is apparently transferred predominantly as water vapour in the presence of a thermal gradient. Once the transfer is complete, the insulation performs as if it were a dry material. For a given specimen, the rate of moisture transfer is defined by the difference in the vapour pressure at the two points of transfer.
The heat flux measurements done on this material are used to calculate two moisture transport characteristics that describe the transport of moisture in the presence of a thermal gradient. It may be possible to formulate a test method based on these experiments, applicable to wet glass-fibre insulation in which all the moisture is initially at the hot surface. In such a test method, tv o moisture transport characteristics in addition to the conventional apparent thermal conductivity will be determined using a heat flow meter apparatus. These three material characteristics, used together in predictive models for simultaneous heat and moisture transfer, should give more realistic description of the tranport processes through glass-fibre insulation, in comparison with the traditional method of using an &dquo;apparent thermal conductivity of a moist thermal insulation.&dquo; To exploit this, more measurements must be done for a wider temperature range, not only on other specimens of glass-fibre insulation, but on all materials that are used as thermal insulation.
